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Plant virus long-distance movementIn Capsicum chinense (L3L3) plants a higher accumulation of the tobamovirus Pepper mild mottle virus strain S
(PMMoV-S) as compared to the Italian strain PMMoV-I is detected when plants are grown at 32 °C. By using a
reverse genetic approach, we have established that a single amino acid at position 898 in the helicase domain
of the polymerase protein, outside of the conserved regions of the helicase, is critical for the higher accumu-
lation of PMMoV-S observed. It also is necessary for both increased accumulation of viral RNA of both polar-
ities in pepper protoplasts and enhanced cell-to-cell movement in C. chinense plants. The inﬂuence of
thermoresistance of PMMoV-S, a P1,2 pathotype, and its prevalence on pepper cultivars over PMMoV-I, a
P1,2,3, pathotype, is discussed.
© 2012 Published by Elsevier Inc.Introduction
Temperature has a pleiotropic effect on plant viruses, affecting
disease symptoms, viral accumulation and spread (Boyko et al.,
2000; García-Castillo et al., 2001; Hull, 2002; Kido et al., 2008;
Moreno et al., 2004). High temperatures also affect plant virus resis-
tance by altering plant resistance (R) genes (reviewed in Hull,
2002). Higher temperatures are frequently associated with enhanced
RNA silencing activity, whereas low temperatures inhibit this regula-
tory mechanism (Qu et al., 2005; Szittya et al., 2003). In contrast,
basal resistance (or innate immunity) is inhibited by high tempera-
ture indicating that regulatory components other than R genes are
also modulated by temperature (Wang et al., 2009; Zhu et al., 2010).
Pepper mild mottle virus (PMMoV), a member of the genus
Tobamovirus, is one of the major viral pathogens in pepper crops all
over the world (Antignus et al., 2008; Gilardi et al., 1999; Kirita
et al., 1997; Wang et al., 2006; Yoon et al., 2005). Its genome consists
of a single positive-strand RNA of ca. 6357 nucleotides. It contains
open reading frames that encode four proteins: a 126 kDa protein
with both methyl-transferase and RNA helicase domains, which
can be extended via read-through into a 183 kDa protein containing.
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sevier Inc.two RNA replicase motifs (and both proteins are necessary for viral
replication); a 30 kDa cell-to-cell movement protein; and a 17.5 kDa
coat protein (Alonso et al., 1991).
With respect to the L gene-mediated resistance in Capsicum spp.
against the tobamoviruses (Boukema, 1980, 1982; Tomita et al.,
2011), the PMMoV strains have been classiﬁed as pathotypes P1,2,
P1,2,3 or P1,2,3,4 based upon their ability to evade the resistance conferred
by the L2, L3 and L4 resistance genes, respectively. Of these pathotypes,
P1,2 is the most prevalent, which is proposed to be due to its higher ﬁt-
ness relative to the P1,2,3 pathotype, which appears to incur a speciﬁc ﬁt-
ness penalty (Fraile et al., 2011; Sakamoto et al., 2008).
PMMoV is a soil-borne pathogen (Ikegashira et al., 2004;
Sakamoto et al., 2008) also transmitted by seed (reviewed in Gilardi
et al., 1999), and it has been identiﬁed as the major RNA virus
found in human feces (Zhang et al., 2006). The ﬁnding that the
PMMoV virions recovered from feces were fully infectious in test
plants (Colson et al., 2010; Wetter et al., 1984; Zhang et al., 2006)
has led to its proposal as a promising indicator of fecal pollution in
surface water (Hamza et al., 2011; Rosario et al., 2009). In addition,
Colson et al. (2010) have shown an association between the presence
of PMMoV RNA in feces and clinical symptoms of a speciﬁc immune
response, which suggests a possible direct or indirect pathogenic
role in humans for PMMoV.
In an analysis of the effect of temperature on the resistance medi-
ated by the Capsicum L3 gene in Capsicum chinense plants, Molina-
35F. Tena et al. / Virology 427 (2012) 34–43Galdeano (2006) detected an increase of both PMMoV-I (P1,2,3
pathotype) and PMMoV-S (P1,2 pathotype) accumulation at 32 °C as
compared to 25 °C, but the accumulation of PMMoV-S at the higher
temperature was almost twice that of PMMoV-I. Because of the
known prevalence of the P1,2 pathotype in L3 pepper cultivars, this
ﬁnding prompted us to identify the viral region involved in this in-
creased virulence.
In the work shown here we have mapped the increased accumula-
tion of PMMoV-S at 32 °C to the presence of a Pro in position 898 of
the helicase domain of the 126K protein, outside of the conserved
motifs of the helicase. The substitution by a Gln, the aa present in
the corresponding position of PMMoV-I, renders the accumulation
of the chimeric virus PMMoV-SGln similar to that of PMMoV-I. We
also show that accumulation of RNA of both polarities as well as
cell-to-cell viral movement is diminished in the chimeric virus. How-
ever, the Pro at position 898 is not the only requirement for the en-
hanced accumulation of PMMoV-S at 32 °C, since its introduction
into the genome of PMMoV-I does not result in an increase in its ac-
cumulation at the higher temperature.Results
PMMoV-I RNA is most closely related to the P1,2,3 pathotype PMMoV-Ia
than to any other PMMoV strain
In this work, we have established the entire nucleotide sequence
for PMMoV-I, of which only a partial nucleotide sequence was
known previously (Berzal-Herranz et al., 1995; García-Luque et al.,
1990). It is 6356 nt long.
Nucleotide sequence analysis revealed that PMMoV-I RNA shares
99%nt sequence homology with the P1,2,3 pathotype PMMoV-Ia
(Velasco et al., 2002), with only 38 nt substitutions along the entire
viral RNA; these changes result in 33 aa substitutions in the predicted
126/183K protein, one in the 30K protein and one in the coat protein
(CP). The virus shares 96%nt sequence homology with other PMMoV
RNA sequences, from viruses either belonging to the P1,2 pathotype
strains Kr (Yoon et al., 2005), J (Kirita et al., 1997), C-1421 (Hagiwara
et al., 2002), S (Alonso et al., 1991), TP0-219 (Ichiki et al., 2005), Pa18
(Ichiki et al., 2005), BR-DF01 (GenBank ID: AB550911.1), CN (Wang
et al., 2006) and IW (Hamada et al., 2007); or to the P1,2,3,4 pathotype
strain L4BV (Genda et al., 2007). The nucleotide substitutions noted
span the entire genome, indicating that regions of the genome have
evolved similarly. In addition, the phylogenetic tree generated (Fig. 1)
revealed that the strain belonging to the P1,2,3,4 pathotype cluster with
the Kr and IW strains. In addition, the phylogenetic tree generated
from their CPs is similar except that the strain belonging to the P1,2,3,4
pathotype PMMoV-L4BV is alone in a different branch, but closer to
the cluster formed by the CP from the P1,2 ones than to the P1,2,3 one
(data not shown). This may indicate that the P1,2,3,4 pathotype strains
have arisen from strains belonging to the P1,2 pathotype rather than
from those belonging to the P1,2,3 pathotype, as it would be expectedFig. 1. Phylogenetic tree of the genomic RNA of PMMoV whif the most aggressive pathotype had been arisen under the pressure
of the L resistance genes.A single residue in the helicase domain of PMMoV-S controls its
thermoresistance on infected C. chinense plants
This study was stimulated by an earlier one (Molina-Galdeano,
2006) carried out in our laboratory about the effect of temperature on
the expression of the L3 gene-mediated resistance in C. chinense against
PMMoV-S. At 32 °C, a temperature atwhich the L3 gene-mediated resis-
tance is not active, in the inoculated leaves at 5 d.p.i. PMMoV-S reached
4.17±0.73 μg/mg of fresh tissue while PMMoV-I accumulated up to
2±0.35 μg/mg. These differences were maintained in systemic
leaves, where 6.5±0.92 μg/mg and 2.6±0.75 μg/mg were deter-
mined for PMMoV-S and PMMoV-I, respectively at 14 d.p.i.
At 25 °C, at 5 d.p.i. PMMoV-S and PMMoV-I accumulated in the in-
oculated leaves at 0.86±0.22 μg/mg of fresh tissue and 2.81±
0.54 μg/mg of fresh tissue, respectively.
The data revealed a noticeable increase in the accumulation of
PMMoV-S with respect to PMMoV-I at 32 °C.
Potential PMMoV genetic determinants involved in differential ac-
cumulation at 32 °C in C. chinense were mapped by systematic ex-
changes of PMMoV-S sequences with those of PMMoV-I, followed
by an examination of the ability of the resulting hybrids to infect
Nicotiana benthamiana and C. chinense plants. We utilized conserved
restriction sites in the genomes of both PMMoV-S and PMMoV-I to
exchange PMMoV-I sequences into PMMoV-S cDNA.
First, to determine whether the thermoresistance of PMMoV-S
maps to either the 5′ or the 3′ of the viral RNA, THI-1 chimeric virus
(Fig. 2) (Berzal-Herranz et al., 1995) that contains the 126K protein
from PMMoV-S and the rest of the genomes from PMMoV-I were in-
oculated onto C. chinense plants grown at 32 °C. SDS-PAGE analysis
and further quantiﬁcation of the CP in the stained gel revealed that
THI-1 accumulated to the same extent as PMMoV-S, thus revealing
that the higher accumulation of PMMoV-S is due to sequences pre-
sent in the 126K protein (data not shown).
To further elucidate the precise region within the 126K protein
responsible for the higher accumulation of PMMoV-S at 32 °C in
C. chinense plants, the cDNA of PMMoV-I encompassing nt 1551 to
2467, corresponding to the interdomain region within the 126K pro-
tein, or nt 2467 to 3456, corresponding to the helicase domain within
the 126K protein, was exchanged into the cDNA of PMMoV-S con-
tained in plasmid pTS, thus creating chimeric constructs pTHI-10
and pTHI-9, respectively (Fig. 2). Inoculation of C. chinense plants
maintained at 32 °C with these two chimeric constructs and further
quantiﬁcation of viral CP accumulation revealed that whereas THI-
10 accumulated close to the level of PMMoV-S, the THI-9 virus accu-
mulated to a much lower level, similar to that of PMMoV-I (Fig. 3).
This indicated that sequences present in the helicase domain were
important to the thermoresistance of PMMoV-S, and that sequences
contained within the interdomain region did not have any effect.ose entire nucleotide sequences have been determined.
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Fig. 2. Mapping the domains and amino acids responsible for the thermoresistance of PMMoV-S. The genomic organization of PMMoV-S, PMMoV-I, and their chimeric derivatives
are shown schematically. 126K and183K, 126 kDa and 183 kDa replicase proteins; Interd. R., interdomain region; 30 K, movement protein; CP, coat protein. Regions of the PMMoV-S
and PMMoV-I genomes are denoted by white and gray boxes, respectively. Numbers below the representations of THI-10, THI-9, THI-9-1 and THI-9-2 indicate nucleotide fragments
exchanged. Amino acid substitutions are indicated by closed triangles and single-letter abbreviations, where P and Q indicate proline and glutamine, respectively.
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the helicase domain revealed that they differ in eight amino acid res-
idues: S873N, P898Q, Y901F, V931I, A960V, K981R, T989A and
K1060R. In order to further elucidate the amino acid(s) involved, nt
2467 to 2918, which correspond to the N-terminal region of the heli-
case domain of PMMoV-I, and nt 2918 to 3456, corresponding to the
C-terminal region of that domain, were exchanged into the cDNA of
PMMoV-S to obtain pTHI-9-1 and pTHI-9-2, respectively (Fig. 2).
The accumulation level of the viral CP in C. chinense plants maintained
at 32 °C of THI-9-2 was similar to that of PMMoV-S (Fig. 3), suggest-
ing that viral determinants of the lower viral accumulation at 32 °C
of PMMoV-I were not located in the C-terminal region of the helicase
domain. However, the accumulation level of THI-9-1 was similar to
those of PMMoV-I at 32 °C, thus indicating that the N-terminal heli-
case region from PMMoV-I affected the accumulation level at this
temperature (Fig. 3).SYSTEM
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Fig. 3. Relative levels of coat protein (CP) of PMMoV in infected C. chinense plants at 32 °C
dicated virus. Fourteen days later, systemic leaves were collected and the accumulation of
normalized to Rubisco accumulation and to an internal control of viral CP. Values shown are
from three different independent experiments, and the standard deviations are representeThe N-terminal helicase region of PMMoV-I differs from that of
PMMoV-S in 5 amino acids, with a non-conservative substitution
found only at position 898, where a Pro in PMMoV-S is replaced by
a Gln in PMMoV-I. Therefore, to determine if the Pro to Gln exchange
was responsible for the difference in viral accumulation between the
two viral strains at 32 °C, we introduced single nucleotide substitu-
tions in the PMMoV-S and PMMoV-I helicase domains by site-
directed mutagenesis. We converted the Pro898 coding sequence
into a Gln codon in PMMoV-S, thus generating PMMoV-SGln898, and
the Gln898 coding sequence into a Pro codon in PMMoV-I, generating
PMMoV-IPro898 (Fig. 2). PMMoV-IPro898 and PMMoV-SGln898 had an
accumulation level similar to that of PMMoV-I and lower than that of
PMMoV-S at 32 °C in C. chinense plants (Fig. 3), indicating that the
single change from the Pro898 coding sequence within the PMMoV-S
helicase domain to a Gln codon (the sequence corresponding to
PMMoV-I), is sufﬁcient to destroy the capacity for thermoresistanceIC LEAVES
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at 14 d.p.i. The ﬁrst pair of true leaves of C. chinense plants was inoculated with the in-
CP was examined by SDS-PAGE and Coomassie blue staining. Bands were scanned and
relative to the level of CP in leaves infected with PMMoV-I and are the means of results
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Fig. 5. Real time RT-PCR of RNA accumulation of PMMoV-S, PMMoV-SGln898 and
PMMoV-I at 32 °C in C. chinense protoplasts at 8 and 16 h.p.i. Viral genomic RNA (vg)
plus and minus strand accumulation was normalized to that of the actin gene. The av-
erage expression levels and standard deviations are shown. Statistically signiﬁcant dif-
ferences (*) at Pb0.05 according to HSD Tukey and T3 Dunner test.
37F. Tena et al. / Virology 427 (2012) 34–43at 32 °C. However, the Pro residue at position 898 is not the only
amino acid required for thermoresistance, since PMMoV-IPro898
does not accumulate to the same extent as PMMoV-S (Fig. 3).
To determine whether the Pro898Gln exchange was affecting gen-
eral viral ﬁtness, the PMMoV-SGln898 virus was tested at 25 °C in
N. benthamiana plants along with PMMoV-S and PMMoV-I. At this
temperature, both PMMoV-SGln898 and PMMoV-S accumulated to
similar extent, being their accumulation levels higher than that of
PMMoV-I. In addition the accumulation levels of both PMMoV-S and
PMMoV-SGln898 at 32 °C were similar and much higher than that of
PMMoV-I, in contrast to what it was determined in C. chinense
(Fig. 4). In addition, the development of systemic symptoms induced
by PMMoV-I was retarded by 2–3 days.
In addition, infectivity tests carried out at 25 °C in Xanthi nc tobac-
co plants for all the virus and chimera constructs used in this study
and in C. chinense plants in the case of PMMoV-S and the chimera
viruses that induced NLLs in this host, showed that the number and
size of the NLLs were similar for all of them, with no statistical signif-
icant differences (P>0.05) (data not shown).
Thermoresistance is associated with enhanced viral RNA accumulation of
both polarities
To determine whether the different levels of virus accumulation
observed at 32 °C are related to differences in the ability of the viruses
to replicate at the single-cell level, we examined viral RNA levels of
PMMoV-S, PMMoV-I and PMMoV-SGln898 at 4, 8, 16 and 24 hpi in
C. chinense protoplasts maintained at 32 °C. Genomic and minus-
strand RNAs from each virus were monitored by real-time RT-PCR
using interdomain region-speciﬁc primers, and the percentage of
infected protoplasts was assessed by immunoﬂuorescence microsco-
py at 48 hpi. We determined that the percentage of protoplasts
infected with each virus was similar (91.29±0.83%), so differences
in viral RNA accumulation could not be attributed to differences in
the infectivity of the three viral RNAs.
Accumulation levels of the genomic and the minus-strand RNAs in
infected protoplasts were greater for PMMoV-S than for PMMoV-I and
PMMoV-SGln898 at all time points analyzed. An example of the results
at 8 and 16 hpi is shown in Fig. 5. Therefore, the data show a relation-
ship between the thermoresistance of PMMoV-S in pepper plants and
its enhanced ability to replicate at the single cell level at 32 °C.
The thermoresistance of PMMoV-S at 32 °C is associated with enhanced
cell-to-cell movement but not enhanced long-distance spread
The successful systemic invasion of plants by an infecting virus is a
complex process starting with the replication and accumulation of
the virus in the ﬁrst inoculated cells, and followed by subsequent pro-
cesses of cell-to-cell movement to nearby cells, loading into the plantSYSTEMIC LEAVES
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Fig. 4. Relative levels of coat protein (CP) of PMMoV-S, PMMoV-SGln898 and PMMoV-I
in infected N. benthamiana plants at 7 d.p.i. at 25 and 32 °C. Plants were inoculated with
the indicated virus. Seven days later, systemic leaves were collected and the accumula-
tion of CP was determined as in Fig. 3. Values shown are the mean of two independent
experiments.vascular system, vascular transport, and downloading in distant tis-
sues. Therefore, we examined the mechanistic basis for the differen-
tial accumulation of PMMoV isolates in C. chinense plants grown at
32 °C by looking for differences in cell-to-cell and long-distance
movement. For this purpose, inoculated leaves of C. chinense plants
grown at 32 °C were monitored by examining the infection foci
using GFP-tagged viruses. We constructed PMMoV-S:GFP, PMMoV-
SGln:GFP and PMMoV-I:GFP as marker viruses to examine cell-to-
cell movement. As an initial test, we found that these GFP-tagged
viruses were able to infect N. benthamiana systemically, showing a
delay (1 to 4 days) in symptom expression compared to that of
their wild-type counterparts. Next, C. chinense seedlings were
grown at 32 °C, inoculated at the two-leaf stage with in vitro-
synthesized transcripts from the three constructs, and monitored by
ﬂuorescence microscopy and stereoscopy at 2 and 3 d.p.i. (Fig. 6).
As shown in Fig. 6, the observed infection sites that developed with
PMMoV-S:GFP on the inoculated leaves were approximately double
the size of those that were formed by either PMMoV-SGln:GFP or
PMMoV-I:GFP, with those of PMMoV-SGln:GFP being the smallest.
These observations are consistent with the data shown for RNA accu-
mulation in protoplasts (Fig. 5). At 2 d.p.i., infection sites with
PMMoV-SGln:GFP and PMMoV-I:GFP had usually just appeared
(Fig. 6), whereas infection sites for PMMoV-S:GFP already were of
considerable size. This result indicated that PMMoV-S could spread
2 d.p.i.
3 d.p.i.
PMMoV -S PMMoV -IPMMoV -SGln898
Fig. 6. Cell-to-cell spread of PMMoV-S, PMMoV-SGln898 and PMMoV-I. LSCM images of the indicated GFP-tagged viruses on the adaxial surfaces of C. chinense leaves were captured
at 2 and 3 d.p.i. Bars, 50 μm.
38 F. Tena et al. / Virology 427 (2012) 34–43more efﬁciently cell-to-cell than either PMMoV-I or PMMoV-SGln898
at 32 °C.
On the other hand, it has been noted that increasing the tempera-
ture, up to a certain point, increases the rate of systemic movement
and decreases the time before the ﬁrst appearance of systemic symp-
toms (Hull, 2002). To test whether long-distance movement was
being affected by high temperature (32 °C), protein extracts prepared
at 14 d.p.i. from upper uninoculated leaves of plants in which the inoc-
ulated leaf had been detached at 1, 2 or 3 d.p.i. were analyzed by DAS-
ELISA. In this way, we determined how long a time the virus needed
in the inoculated leaf to pass into the vascular system and initiate a sys-
temic infection. PMMoV-I was detected at 14 d.p.i. in upper uninocu-
lated leaves in 8 of 8 C. chinense plants whose inoculated leaves had
been removed at 2 d.p.i. (Table 1). In contrast, PMMoV-S and PMMoV-
SGln898 were detected in the upper uninoculated leaves in only 3 of
8 infected plants under these same conditions. All three viruses tested
reached upper uninoculated leaves in 8 out of the 8 infected plants
when the inoculated leaves had been removed at 3 d.p.i.
In conclusion, in most of plants analyzed, PMMoV-I was able to
move more efﬁciently than either PMMoV-S or PMMoV-SGln898 into
the vascular system and to an uninoculated leaf, so that the thermo-
resistance of PMMoV-S is not related to enhanced long-distanceTable 1
Frequency of systemic spread at 32 °C observed for PMMoV-S, PMMoV-SGln898 and
PMMoV-I in C. chinense plants at 14 d.p.i.
Virus Plants positive/totala
1 d.p.i. 2 d.p.i. 3 d.p.i.
Exp. 1 Exp. 2 %b Exp. 1 Exp. 2 % b Exp. 1 Exp. 2 % b
PMMoV-S 0/4 0/4 0 2/4 1/4 37.5 4/4 4/4 100
PMMoV-SGln898 0/4 0/4 0 2/4 1/4 37.5 4/4 4/4 100
PMMoV-I 0/4 0/4 0 4/4 4/4 100 4/4 4/4 100
a Total number of plants that were tested for systemic accumulation of virus. The in-
oculated leaves had been detached at 1, 2 or 3 d.p.i., as indicated, and the upper leaves
were analyzed via DAS-ELISA for the presence of viral CP at 14 d.p.i.
b Percentage of the plants that tested positive for systemic accumulation at 14 d.p.i.spread. Thus it is likely that other viral elements in PMMoV-I are re-
sponsible for its favorable long-distance movement.
Discussion
Earlier work had shown that the incubation of PMMoV-S-infected
C. chinense L3 plants at high temperature (32 °C) results in complete
suppression of L3 gene-mediated resistance as compared with plants
kept at 25 °C. HR-elicited necrosis was not induced in these plants
and the expression of plant defense-related genes such as C. chinense
PR-4 was suppressed (Guevara-Morato et al., 2010). In addition, high
PMMoV-S viral accumulation was observed in the inoculated and
systemic leaves as compared to PMMoV-I accumulation (Molina-
Galdeano, 2006).
In this work we have shown that a Pro residue at position 898 in
the helicase domain of the 126K protein in PMMoV-S is critical to
the higher viral accumulation of that virus as compared to PMMoV-I
at 32 °C in C. chinense plants. The replacement of the Pro in
PMMoV-S with the Gln present at that position in PMMoV-I results
in diminished viral accumulation of the chimeric virus PMMoV-S-
Gln898 in the systemic leaves as measured by the amount of CP
detected there.
We determined that the increased viral accumulation of PMMoV-S
over PMMoV-I is due to an enhanced accumulation of viral RNA of
both polarities as well as to increased cell-to-cell movement in the
inoculated leaf. In contrast, the Pro898Gln substitution in the genome
of PMMoV-S results in a chimeric virus showing diminished accu-
mulation of viral RNA of both polarities and reduced cell-to-cell
movement.
Amino acid 898 is located in the NTP-binding domain outside of
the conserved Walker B domain of the helicase in the 126K protein
(Alonso et al., 1991). Helicase domains have been widely reported
in many RNA viral genomes and are generally considered to function
in unwinding RNA duplexes formed during virus replication and in
removing secondary structures from RNA templates via NTP hydroly-
sis (Caruthers and McKay, 2002; Kadri and Haenni, 1997). In addition,
they have been implicated in other functions such as RNA transloca-
tion and the modulation of RNA-protein interactions (Fairman et al.,
39F. Tena et al. / Virology 427 (2012) 34–432004; Singleton and Wigley, 2002). In Tobacco mosaic virus, the type
member of the Tobamovirus genus, the helicase has been shown to
unwind partially double-stranded RNA in the presence of NTP in
vitro, to hydrolyze ATP in vitro, and to modulate the type of vesicles
that form in association with membranes (Goregaoker and Culver,
2003; Wang et al., 2010). Mutations in the helicase domain at the ac-
tive helicase sites have been shown to interfere with fundamental
processes in RNA replication, such as the inhibition of transcription
of negative strand RNA, resulting in no synthesis of plus strand RNA,
as well as the inhibition in the recruitment of RNA 3 to the replication
complex in both Brome mosaic virus (Ahola et al., 2000) and Alfalfa
mosaic virus (Vlot et al., 2003). In addition, Lulla et al. (2006) and
Balistreri et al. (2007) reported that mutations outside of the con-
served domains of the helicase nsP2 protein from the Alphavirus
Semliki forest virus affected subgenomic RNA synthesis, thus implicat-
ing the protein as a putative initiation factor. In this sense the data
presented here expand the previous understanding of helicase func-
tion, since the critical aa 898 is outside of the conserved domains of
the helicase. This implies that residues other than those in the con-
served domains of the helicase are important to helicase function.
Furthermore, the ﬁnding that both RNA strands accumulate to lower
levels in PMMoV-SGln898 at 32 °C indicates that synthesis of viral
RNA of both polarities is down-regulated as compared to PMMoV-S,
thus indicating that the helicase domain plays a crucial role in the
synthesis of both negative- and positive-strand viral RNAs. In addi-
tion, it was denoted that the synthesis of (−) strand RNA was more
severely affected in PMMoV-SGln898 with respect to the synthesis of
(+) strand RNA, that might indicate that the recognition of the (+)
RNA strand is affected in this particular mutant.
It is plausible that the Pro to Gln substitutionmight alter the confor-
mation of the helicase domain at 32 °C and thus diminish its activity
generally. However, the ﬁnding that the chimeric virus PMMoV-S
Gln898 accumulates to the same extent as PMMoV-S in N. benthamiana
plants grown at this temperature seems to rule out this possibility. In
addition, it reveals the complex interaction among hosts and viruses.
Since it is known that the RNA polymerase complex requires host
factors to accomplish the replication of viral RNAs (Ishibashi et al.,
2010; Nagy and Pogany, 2009), it is possible that the presence of
the Pro in PMMoV-S favors the interaction with host factors from
C. chinense, which in turn favors replication. On the other hand, the
ﬁnding that the aa substitution Gln898Pro in PMMoV-I does not re-
sult in changes in viral accumulation for PMMoV-I indicates that
additional substitutions are required in PMMoV-I to increase its accu-
mulation at 32 °C.
Although the helicase domain of tobamoviruses has been implicated
in cell-to-cell movement (Hirashima and Watanabe, 2001, 2003), the
ﬁnding that PMMoV-S shows increased RNA accumulation in proto-
plasts at 32 °C as well as increased cell-to-cell movement with respect
to either PMMoV-S-Gln898 or PMMoV-I seemingly indicates the en-
hanced functioning of the helicase domain in viral RNA replication is
what makes the primary, and critical, difference at 32 °C.
An increased accumulation of genomic viral RNA at higher tem-
peratures in protoplasts as well as an increase in cell-to-cell move-
ment in inoculated leaves has been described for Melon necrotic spot
virus in melon (Kido et al., 2008). In addition, Moreno et al. (2004)
reported an increase in both CP accumulation and the number of
infected cells in inoculated leaves, as well as faster systemic move-
ment in Cucumber green mottle mosaic virus-infected cucumber
plants. While the underlying molecular basis of these observations
has not been unraveled, it is plausible that an enhanced viral replica-
tion of the RNA of both polarities as demonstrated here might be the
underlying mechanism.
Finally, the higher accumulation of RNAs of both polarities in
infected protoplasts and the enhanced cell-to-cell spread observed for
PMMoV-S at 32 °C does not correlate with results from experiments
designed to measure the timing of movement out of the inoculatedleaf and the resulting long-distance spread. Here the behavior of
PMMoV-Swas similar to the chimeric virus PMMoV-SGln898 and actual-
ly less efﬁcient than that of PMMoV-I. Thus it is possible that the retard-
ed long-distance movement of both PMMoV-S and PMMoV-SGln898 as
compared to PMMoV-I is due to differences in the CP, a viral factor re-
quired for long-distance movement within the Tobamovirus group
(Hilf and Dawson, 1993; review by Hull, 2002).
Little is known about the underlying basis for the prevalence of
the P1,2 pathotype in pepper crops in comparison to the P1,2,3 patho-
type (Alonso et al., 1989; Fraile et al., 2011) in spite of the reduced
pathogenicity of the former in the presence of L gene-mediated resis-
tance genes. However it is plausible that the thermoresistance of
PMMoV-S, a P1,2 pathotype, at temperatures at which pepper crops
are normally grown might contribute to the wider spread in nature
of the P1,2 pathotype. Further work with the different strains of
PMMoV distributed all over the world would determine whether
thermoresistance is a characteristic of the P1,2 pathotype.
Materials and methods
Virus strains, puriﬁcation, and RNA extraction
The origins of the tobamoviruses PMMoV-S and PMMoV-I have al-
ready been reported (García-Luque et al., 1990; Wetter et al., 1984).
Virions were puriﬁed, and viral RNA was extracted from virion parti-
cles as described (Alonso et al., 1991; García-Luque et al., 1990).
Plant material and viral inoculation procedure
C. chinense N.J. Jacq. PI159236 plants (L3L3) were maintained in
growth chambers at 32 °C with a 16 h photoperiod, light intensity of
8000 lx and 70% relative humidity.
Carborundum-dusted plant leaves were mechanically inoculated
with the different puriﬁed virions in 20 mM sodium phosphate buffer
pH 7.0 (inoculation buffer) at a concentration of 50 μg/ml. The ﬁrst
pair of true leaves of plants at the 2-fully-expanded leaf stage was in-
oculated and samples from the inoculated and systemic leaves were
taken at 7 and 14 days post inoculation (d.p.i.).
Infectivity tests
To assess the infectivity of the different virus chimera and
PMMoV-S, puriﬁed virions were mechanically inoculated as above
described onto half-leaves of C. chinense plants at concentration of
20 μg/ml. Leaves were harvested at 7 d.p.i., photographed and the
number of the necrotic local lesions (NLL) were analyzed by Adobe
Photoshop CS4 Extended (Adobe Photoshop incorporated). The size
of 50 NLLs were measured by using Adobe Photoshop CS4 Extended
tools and analyzed with the SPSS (Statistical Package for the Social
Sciences from IBM) software by using the Anova and Student's-t tests.
The infectivity of all of the virus chimera as well as PMMoV-S and
PMMoV-I was also assessed in half-leaves of Nicotiana tabacum cv
Xanthi nc plants at the stage in which two leaves were fully devel-
oped as above described, except that virion concentration used was
30 μg/ml, and the leaves were analyzed for NLLs at 3 d.p.i. as above
described.
Construction of the full-length PMMoV-I cDNA transcription clone pTI
The 5′ end of the viral genome of PMMoV-Iwas synthesizedwith ol-
igonucleotide 175 (5′-GCCTGTTTTCCTGGTACCAGAACTAGATCTTCGTC),
complementary to nt positions 2623–2657, as primer for the ﬁrst-
strand cDNA synthesis and with AMV Reverse Transcriptase (Promega)
under the conditions described by the manufacturer. Second-strand
cDNA was primed by oligonucleotide 192 (5′-TGTAATACGACTCACTA-
TAGTAAATTTTTCACAATTTAACAAC), corresponding to the 24 nt at the
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(underlined), and synthesized by Phusion High-Fidelity DNA polymer-
ase (Fynnzymes). The resultant 2657 bp long fragment was cloned
into the StrataClone PCRCloningKit (Stratagene) to obtain p3p9. Nucle-
otide sequence analysis of the inserted sequences revealed that the
clones obtained contained reorganizations in the inserted cDNA.
cDNA to the 5′-end of the viral genome of PMMoV-I was prepared
using oligonucleotide 218 (5′-TGCGCAAGCTTTGAAAGGTACAG), com-
plementary to nt 508–530, for priming ﬁrst-strand cDNA synthesis.
dscDNA was ampliﬁed by PCR using oligonucleotides 218 and 220 (5′-
GCTCTAGATAATACGACTCACTATAGTAAATTTTTCACAATTTAACAAC) as
3′ and 5′ primers, respectively. Oligonucleotide 220 corresponds to
the 24 nt at the 5′-end of the viral genome plus a T7 RNA polymerase
promoter (underlined) and an Xba I recognition site (bold). After diges-
tion with Xba I and Hind III, the resultant 552-bp-long fragment was
cloned into the corresponding sites of pUC18 to create p3p4. Nucleotide
sequence analysis of the inserted sequences revealed that the clones
harbored the expected sequences.
Plasmid p3p2.5 was obtained after cloning the Xba I-Hind III frag-
ment (552 bp) from plasmid p3p4 and the Hind III-EcoR I fragment
(2137 bp) from plasmid p3p9 into the Xba I-EcoR I sites of pUC18. Fi-
nally, plasmid pTI was created by inserting the Nde I-Xba I fragment
(2114 bp) from plasmid p3p2.5 and the Nde I-Bpu10 I fragment
(804 bp) from plasmid p3P9 (Berzal-Herranz et al., 1995) into the
Xba I-Bpu10 I sites of pI0.5 (Berzal-Herranz et al., 1995). Analysis of
the sequences obtained was carried out by BLAST (Altschul, 2001;
Schäffer et al., 2001).
Phylogenetic tree analysis
To construct the phylogenetic tree with either the entire genome
DNA sequences or the coat protein sequences, the CLUSTAL-W2 mul-
tiple sequence alignment program (www.ebi.ac.uk/Tools/msa/
clustalw2/) from the European Bioinformatics Institute was used.
Construction of hybrid viral genomes
Mutant and chimeric genomeswere constructed at the DNA level by
manipulating and cloning gel-puriﬁed DNA restriction fragments isolat-
ed from cDNA clones. Recombinants were tested by restriction enzyme
analysis and partial DNA sequencing. The resulting recombinant DNAs
were used as templates for transcription by T7 RNA polymerase after
being linearized with Mlu I. DNA templates for different hybrid ge-
nomes were constructed by substituting the PMMoV-S sequences con-
tained in pTS (Berzal-Herranz et al., 1995) with the corresponding
sequences of PMMoV-I from plasmid pTI. The numbering is with refer-
ence to the PMMoV-S nucleotide sequence (Alonso et al., 1991).
First, the Sac I-Hpa I fragment from pTI (nt 2467–3456) corre-
sponding to the helicase domain of the 126/183 K protein from
PMMoV-I was cloned into the Sac I-Hpa I sites of plasmid pTS to cre-
ate pTHI-9. pTHI-9-1 and pTHI-9-2 were created after replacing the
BssH II-Bpu10 I (nt 1381–2918) and Bpu10 I-Hpa I (nt 2918–3456)
fragments from pTHI-9 with the corresponding sequence of pTS.
Template pTHI-10 was constructed by replacing the Mfe I-Sac I frag-
ment from plasmid pTS (nt 1551–2467) with the corresponding se-
quences of pTI. This fragment corresponds to the interdomain
region of the 126/183 K protein.
pTS and pTI were used as the starting material to produce two addi-
tional plasmid constructs by site-directedmutagenesis by PCR. To intro-
duce the amino acid substitution Pro898Gln into the PMMoV-S helicase
domain, the sequence spanning positions 709 to 3359 was ampliﬁed as
two DNA fragments by PCR. The mutations introduced are underlined
within the following oligonucleotide primers. The front PCR fragment
was ampliﬁed using the forward primer 216 (5′-GCAGCACTTCTGAGGA-
GAAATC) complementary to nt 709–730 and the reverse primer 223
(5′-CAGCCTTTTGTATTGGCACTGACCTCGACCGTAATTCAT)corresponding to nt 2743–2781. The rear PCR fragment was ampliﬁed
with the forward primer 222 (5′-ATGAATTACGGTCGAGGTCAGTGC-
CAATACAAAAGGCTG) corresponding to nt 2743–2781 and the reverse
primer 177 (5′-CGGGATCCAGCACAACTGTGTAATATTTG) complemen-
tary to nt 3315–3343. Finally, the PCR fragment for themutation at res-
idue 898 was ampliﬁed using the front and rear PCR fragments as
templates with the 216 and 177 primers. The corresponding amino
acid substitution, Gln898Pro, in the PMMoV-I helicase domain was cre-
ated using the same strategy. The front PCR fragment was ampliﬁed
using the forward primer 216 and the reverse primer 225 (5′-
CAGCCTTTTGTATTGGCACGGACCTCGACCGTAATTCAT) complementary
to nt 2743–2781. The rear PCR fragmentwas ampliﬁedwith the forward
primer 224 (5′-ATGAATTACGGTCGAGGTCCGTGCCAATACAAAAGGCTG)
corresponding to nt 2743–2781 and the reverse primer 177. Themutat-
ed DNA fragmentswere digestedwith BssH II and Bpu10 I and substitut-
ed into the corresponding sites of pTS and pTI to create pPMMoV-SGln
and pPMMoV-IPro, respectively.
To generate an ER-localized, green ﬂuorescent protein (GFP)-expres-
sing PMMoV, plasmids pTS, pTI, pPVX-GFP (kind gift from Dr. D. Baul-
combe, UK) and p1056 (kind gift from Dr. D. Chapman, UK) were used
as the starting material. The GFP gene was inserted downstream of the
30K coding region, followed by the pseudoknot region at the 3′ end
and the CP promoter of Tobacco mild green mosaic virus (TMGMV) from
plasmid p1056. Five PCRs were performed to obtain the cDNA transcrip-
tion clone. The ﬁrst PCR fragment was ampliﬁed using primers 143 (5′-
AGGACCTCTCTTTGTGATGTTGCTG), corresponding to nt 4735–4759,
and 196 (5′- GTTCTTCTCCTTTACTCATAGTTAAAACGAAGAAG), comple-
mentary to nt 5670–5685 of PMMoV and corresponding to nt 1–19 of
the GFP gene. To obtain a GFP derivative of PVX-GFP without an internal
Nco I site and anER-localization signal sequence required twoPCR ampli-
ﬁcations: ﬁrst, the PVX-GFP template was used with primers 197 (5′-
CTTCTTCGTTTTAACTATGAGTAAAGGAGAAGAAC), corresponding to nt
1–19 of the GFP gene and nt positions 5670–5685 of PMMoV (under-
lined), and 198 (5′- GTGACAAGTGTTGGCCAAGGAACAGGTAGCTTTCC),
corresponding to nt 151–185 of the GFP gene inwhich a Twas substitut-
ed by anA (underlined); and then the fragment extending fromnt 166 to
725 of the GFP gene was ampliﬁed with primers 199 (5′- GGAAAGC-
TACCTGTTCCTTGCCCAACACTTGTCACT), corresponding to nt 151–186
of the GFP gene in which an A was substituted by a T (underlined), and
200 (5′- CCCCTCGAGTGTCATTAAAGCTCATCATGTTTGTATAGTTCATC-
CATG) complementary to nt 696–714 of the GFP gene, plus anHDEL cod-
ing sequence (bold), and nt 6477–6490 of TMGMV (underlined). The
fourth PCR was performed to amplify the 3′ terminus and the coat pro-
tein (CP) subgenomic promoter contained in plasmid p1056 using
primers 201 (5′- CATGGATGAACTATACAAACATGATGAGCTTTAATGA-
CACTCGAGGGG), corresponding to nt 696–714 of the GFP gene, the
HDEL coding sequence (bold) and nt 6477–6490 of TMGMV (under-
lined), and 202 (5′- GTAAGCCATAGTTAAAACGTACTCGATGAC) comple-
mentary to nt 5675–5693 of PMMoV (underlined) and 6834–6844 of
TMGMV. Finally, to amplify the CP subgenomic promoter, the pseudo-
knot region at the 3′ end, the CP coding region, and the 3′UTR, the region
spanning positions 5685 to 6357 of either pTS or pTI was ampliﬁed using
primers 203 (5′- GTCATCGAGTACGTTTTAACTATGGCTTAC), correspond-
ing to nt 6834–6844 of TMGMV and nt 5675–5693 of PMMoV (under-
lined), and the M24 Reverse primer. The ﬁve PCR fragments were
fused by PCRusing the 143 andM24Reverse primers. The ampliﬁed frag-
ments were digestedwithNco I andMlu I and substituted into the corre-
sponding sites of either pTS or pTI to create pTS-GFP or pTI-GFP,
respectively. GFP-expressing PMMoV-SGln was created after substitut-
ing the 2088-bp long fragment Nco I-Mlu I of pTS-GFP into the corre-
sponding site of pPMMoV-SGln898.
In vitro synthesis of viral genomes
Genomic RNAs were synthesized by in vitro transcription ofMlu I-
digested recombinants essentially as described previously (Berzal-
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to 20 mM.
In vitro-synthesized RNAs were always ﬁrst inoculated onto
N. benthamiana Domin leaves using the inoculation buffer described
above containing 1% bentonite. Sap preparations from the infected
plants at 8–10 d.p.i. were then used as inocula for a batch of
N. benthamiana plants, and virions were puriﬁed as described above.
Analysis of viral RNA
To corroborate the viral sequences, RNAs from puriﬁed virions were
ampliﬁed essentially as described previously (Tenllado et al., 1994).
First-strand cDNAs were synthesized on 0.5 μg of viral RNA by using
primers 179 (5′-CACCGCTTTTCCTCTGATACCACAAACACGTTTTTA) com-
plementary to nt 4373–4408 of PMMoV-S RNA; 175 for THI-9, THI-9-1
and THI-9-2 RNAs; and 177 for PMMoV-SGln898 and PMMoV-IPro898
RNAs. The cDNAs were then ampliﬁed by PCR using primers 179 and
176 (5′-GACGAAGATCTAGTTCTAGTACCAGGAAAACAGGC,) correspond-
ing to nt 2623–2657 of PMMoV, and 175 and 182 (5′-TCGGCTAGCATTG-
CAACCGACAATT) corresponding to nt 1921–1946 1945 of PMMoV for
THI-9, THI-9-1 and THI-9-2 RNAs. Finally, the PMMoV-SGln898 and
PMMoV-IPro898 RNAs were ampliﬁed using primers 177 and 176. The
resulting PCR products were electrophoresed onto 0.8% agarose gels
and stained with EtBr and sequenced.
Viral protein analysis
Leaf tissue was ground in the presence of liquid nitrogen in
100 mM Tris–HCl, pH 6.8 (5 μl/mg of fresh weight). One-
dimensional analytical SDS-PAGE was performed according to a pro-
tocol described previously (Laemmli, 1970), by using 17.5% and 5%
polyacrylamide as resolving and stacking gels, respectively. 5 μl of
soluble protein extracts were mixed with one volume of Laemli's
2× loading buffer and heated at 95 °C for 5 min. Samples were loaded
in each lane and proteins were visualized following electrophoresis
by staining with Coomassie Blue R250. To quantify protein accumula-
tion, bands were scanned with a densitometer and analyzed using
BIORAD Quantity One Software. Intensities of the CP detected bands
were normalized with the Rubisco protein in each lane and quantiﬁed
with reference to a standard viral CP curve included in each gel.
Protoplast infection
C. chinense N. J. Jacq. PI159236 (L3L3) plants grown in vitro were
used as source material for protoplast isolation. Protoplasts were
obtained using the protocol described previously (Díaz et al., 1988)
with some minor modiﬁcations. The leaves were cut into 1–2 mm
strips and incubated in an enzymemixture consisting of 1% (w/v) cel-
lulase R10 and 0.65% (w/v) Macerozyme R10 (Yakult HONSDA CO.,
LTD., Japan) in CPW-Mannitol 13% pH 5.6 (CPW-M13) (Amirato et
al., 1984; Ruiz del Pino et al., 2003). Following incubation, the
digested tissue was passed through a stainless steel ﬁlter (pore size
500 μm) with gentle washing using CPW-M13 pH 5.8. Protoplasts
were transferred to a known volume of CPW-M13 to be counted
and 3.2×105 protoplasts were suspended in 0.8 ml of electroporation
buffer (0.5 mM MES, 7 mM KCl, 9% (w/v) mannitol pH 7.5). A single
pulse of 800 V/cm and 1 μF was applied with a Gene Pulser (Bio-Rad
laboratories, Hercules, CA) to the protoplasts immediately after add-
ing 20 μg of viral RNA. After the pulse, protoplasts were kept on ice
for 20 min diluted in CPW-M13, centrifuged at 80×g for 5 min and di-
luted to 5×105 protoplasts/ml of CPW-M13 and incubated at 32 °C
under continuous light. At 4, 8, 16 and 24 h after electroporation, pro-
toplasts were harvested by centrifugation at low speed. Total RNA
was puriﬁed by using the RNeasy Plant Mini kit (QIAGEN) following
the manufacturer's instructions and examined for the presence of
viral RNAs by real-time RT-PCR.The percentage of infected protoplasts was determined by indi-
rect immunoﬂuorescence staining at 48 h.p.i. (Ruiz del Pino et al.,
2003).Real-time RT-PCR
RNA analysis were performed using a protocol described previously
(García-Marcos et al., 2009) with some minor modiﬁcations. First
strand cDNAwas synthesized from100 ngof total RNA fromprotoplasts
using AMV Reverse Transcriptase (Promega) following the manufac-
turer's instructions with the primers RT-Rw (5′-CCTTTGATG-
TAATTGTCGGTTGC), complementary to nt 1936–1958 of PMMoV
RNA, and RT-Fw (5′-AGATTGGTTAAGGAGTACAAGTCTTC), correspond-
ing to nt 1660–1685 of PMMoV-S, for cDNA synthesis to positive and
negative strand viral RNAs, respectively; and the primer ActRwNb (5′-
CTGAGGACAATGTTTCCGTACA), complementary to nt 316–337 of the
actin mRNA from N. benthamiana. Real-time PCR was carried out using
the primers QFw (5′-GTTTGGAAGAAGCGGAAGTG), corresponding
to nt 1719–1738 of PMMoV RNA, and QRw (5′-ACGGCTACCAT-
TACCTTTGC), complementary to nt 1845–1865 of PMMoV RNA, for
the ampliﬁcation of positive and negative strand viral RNAs, respective-
ly; and primers ActRwNb and ActFwNb (5′-GATGGACAAGTCATCAC-
CATTG), corresponding to nt 168–169 of the actin mRNA, for the
ampliﬁcation of actin in a Rotor-Gene 6000 (Corbett). PCRs were per-
formed, recorded, and analyzed using the Rotor-Gene Operating Soft-
ware. The actin gene was chosen for normalization because of the
similar level of expression across all virus infection times and its PCR
ampliﬁcation efﬁciency. The optimized thermal program was as fol-
lows: 1 initial cycle of denaturation (95 °C for 10 min), followed by
45 cycles of ampliﬁcation (95 °C, 30 s; 60 °C, 30 s; 72 °C, 20 s). Primer
efﬁciency was assessed by analyzing a dilution series of total RNA
from mock and PMMoV-S- and PMMoV-I-infected C. chinense plants.
The ampliﬁcation efﬁciency of each mRNA was estimated using the
equation E=10−1/slope, where the slope was derived from the plot of
ampliﬁcation critical time (Ct value) versus serially diluted template
cDNA. The presence of desiredDNAproductswas veriﬁed by 2% agarose
gel electrophoresis and direct sequencing, and by melting curve ana-
lyses containing a single melt curve peak.GFP imaging and confocal microscopy
To analyze cell-to-cell movement, C. chinense leaves were inocu-
lated with RNA transcripts from GFP-tagged viruses PMMoV-S-GFP,
PMMoV-SGln898-GFP and PMMoV-I-GFP as described above.
Expression of GFP was visualized using a long-wave UV lamp. A
Confocal Laser Scanning Microscope (CLSM) Leica TCS SP5, 30× ob-
jective was used for confocal imaging. Laser lines at 488 and 633 nm
were used for excitation of GFP and chlorophyll, respectively.Virus long-distance movement assay
C. chinense plants were inoculated with each of the viruses and
maintained in growth chambers at 32 °C as described above. Inoculat-
ed leaves were removed from eight independent plants at 1, 2 and
3 d.p.i, and upper uninoculated leaves were removed at 14 d.p.i.
Plant extracts were prepared by homogenizing leaf tissue in
phosphate-buffered saline, pH 7.4 (PBS) (5 μl/mg of fresh tissue). Ex-
tracts were assayed for viral CP accumulation by double antibody
sandwich enzyme-linked immunosorbent assay (DAS-ELISA) as de-
scribed (Berzal-Herranz et al., 1995) except that puriﬁed rabbit IgGs
from anti-PMMoV sera were used for plate coating at a concentration
of 1.5 μg/ml. The ELISA reaction product was quantiﬁed colorimetri-
cally using a VERSA max tunable microplate reader.
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